The thermal degradation behaviors of PC/PMPSQ (polymethylphenylsilsesquioxane) systems were investigated by thermogravimetric analysis (TGA) under non-isothermal conditions in nitrogen atmosphere. During non-isothermal degradation, Kissinger and Flynn-Wall-Ozawa methods were used to analyze the thermal degradation process. The results showed that a remarkable decrease in activation energy ( E ) was observed in the early and middle stages of thermal degradation in the presence of PMPSQ, which indicated that the addition of PMPSQ promoted the thermal degradation of PC. Flynn-Wall-Ozawa method further revealed that PMPSQ significantly increased the activation energy of PC thermal degradation in the final stage, which illustrated that the PMPSQ stabilized the char residues and improved the flame retardancy of PC in the final period of thermal degradation process.
Introduction
Bisphenol A polycarbonate (PC) is self-extinguishing, highly flame-retardant plastic and by itself shows a V-2 rating in the UL94 test due to low heat of combustion and relatively high tendency to charring [1] [2] . However, more stringent flame-retardant performance is often required in some fields, such as automobiles, electrical and electronic devices [3] [4] . Recently, silicone derivatives especially polymethylphenylsilsesquioxane (PMPSQ) has been used as flame retardants in PC because of high heat-resistance, nontoxicity and nongeneration of toxic gases in case of fire [5] [6] [7] . Moreover, the addition of silicone derivatives do not cause an environment hazard during combustion and thus the research efforts on the silicone flame retardants are increasing.
The mechanism of flame-retardant behaviors of branched methylphenylsiloxanes was investigated by Iji and Serizawa [8] . The superior flame-retardant effect of the silicone derivative can be credited to its excellent dispersion in PC and its movement to the surface of PC during combustion, and then its formation of the highly flame-resistant char barrier in combination with PC. Moreover, the branched methylphenylsiloxanes exhibited much higher thermal stability and tendency to charring than linear methyl siloxanes. This was attributed to its branched structure and aromatic groups, which can form condensed aromatic compounds with high flame resistance.
Hayashida et al [9] assessed an alternative flame-retardant mechanism for PC by a trifunctional phenyl-rich silicone additive by analytical pyrolysis techniques, which actively involve PC in the charring process. The solid residue of flame-retardant PC was insoluble because of crosslinking and the peaks reflecting decarboxylation or Fries rearrangement were observed in much larger intensity than those on the pyrogram of plain PC. Therefore, they suggested that the formation of the crosslinking structures between the PC substrates and the phenyl silicone additives might play an important role for the flame retardancy of the PC-silicone system.
As mentioned above, the present researches concentrate on the flame-retardant behaviors and there are still inconsistent aspects in the reported work in terms of the PC flame-retardant mechanism. On the other hand, there is no systematical study on the thermal degradation behaviors of PC flame retardancy by the silicone derivative. It is important to study the thermal degradation process, because the flame-retardant property and processing of polymer materials strongly depend on their thermal stability. Therefore, we studied the effect of polysilsequioxane on the thermal degradation behaviors of PC in this paper and try to reveal the flame-retardant mechanism of PC/PMPSQ (FRPC) composites through the TGA measurement under non-isothermal conditions in nitrogen atmosphere. The thermal degradation of PMPSQ samples at a heating rate of 10 0 C/min in nitrogen atmosphere is depicted in Fig. 1 . PMPSQ shows a slow weight loss occurs at 200 0 C mainly due to the condensation of residual silanol groups and removal of low molecular products, followed by a rapid weight loss due to the degradation of phenyl and methyl groups [10] , and the temperature of maximum weight loss rate emerge at 524 0 C, resulting in 58.3% residue at 700 0 C.
Results and discussion

Thermal stability of PMPSQ
Thermal stability of PC and FRPC
The TGA and DTG curves for PC and FRPC composites observed in a nitrogen flow with a heating rate of 10 0 C/min are given in Fig. 2 , and the characteristic mass loss data are listed in Table 1 . It can be seen that PC and FRPC composites both exhibit one step degradation process and rarely no weight loss up to 350 C, respectively. After the major degradation of the FRPC, a much slower degradation process is followed and the degradation residues of the FRPC at 700 0 C in N 2 flow are higher than that of PC. With the content of PMPSQ increasing, the amount of solid residues shifts from 21.4 wt% (for PC) to 25.1 wt% (for FRPC) of the initial mass, which is about 3.7 wt% more than that of pure PC. This result further confirms that the branched PMPSQ with methyl and phenyl can induce cross-linking reactions during the thermal degradation process, and promote the formation of the char which may play an important role forin the flame retardancy of FRPC composite. It has been confirmed that in the major degradation step, Si-O bond and Si-Ph or Si-CH 3 bond of PMPSQ tend to form some silyl radicals or siloxane derivatives which could react with PC or the evolved products of PC, and promote cross-linking reactions in the FRPC composite and retard further pyrolysis during the thermal degradation process [11] .
Tab
Non-isothermal degradation kinetics
The C /min, the degradation curves of PC shift to higher temperatures and then the onset degradation temperature 4 enhances. The same trend is observed for FRPC. Furthermore, it can be obtained from the figures that the maximum weight loss rate of FRPC is lower than that of pure PC and the pure PC is more stable than the FRPC, which is in accord with the change of onset degradation temperature between PC and FRPC. Kinetic parameters of thermal degradation can be used to characterize the thermal stability of polymer and the activation energy ( E ) can be considered as a semiquantitative factor [12] . According to the TGA and DTG curves in Figs. 3-4 , the thermal degradation processes of PC and FRPC can be studied by the Kissinger and Flynn-Wall-Ozawa methods, respectively.
Firstly, according to the equation (5), the plots of 
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The calculation results for PC and FRPC predicted by the Kissinger method are shown in Table 2 . 
Tab. 2. Kinetic data for degradation of PC and FRPC by Kissinger method.
Samples
T max E (kJ/mol) lgA (min It can be found that the activation energy for the thermal degradation process of FRPC (166.5 kJ/mol) is much lower than that of pure PC (194.1kJ/mol). This means that the flame retardant additive PMPSQ is effective to decrease the thermal degradation activation energy and promote the thermal degradation process of PC. It may be concluded that the branched silicone with methyl and phenyl accelerate the formation of an insulating carbon layer and improve the flame-retardant behaviors of PC compositions, because the char layer plays an important role for the flame retardancy of plastic system.
Because of the relative limitation of the Kissinger method, its data can only provide information at the peak temperatures. To make this possible, the TGA data is further studied by Flynn-Wall-Ozawa kinetic analysis method. Flynn-Wall-Ozawa method is one of the integral methods that can determine the activation energy without knowledge of reaction order and differential data of TGA. With the application of that method, more informative kinetic parameters are obtained. It can be observed that the PC and FRPC tend to exhibit three stages of activation energies in degradation. In the early stage, the loss of the light degradation compounds occurs such as carbon dioxide and the PC completes this stage before 20% weight loss generally [13, 14] . After the early stage, the activation energy values of flame-retardant PC rise as degradation proceeds, and then remain constant up to 80% that means that the stabilities of the intermediate products are rather similar. It can be seen that the activation energies of FRPC is lower than that of pure PC at lower degree of degradation. The resulting data, together with the analysis of the activation energies, indicates that the pure PC has better thermal stability than flameretardant PC in this stage. In other words, the additive PMPSQ causes faster degradation of the PC in the early and middle stages. In the final stage, the addition of PMPSQ further increases the activation energy in PC thermal degradation, indicating that the flame retardancy decreases the degradation behaviors of PC.
Because of the addition of PMPSQ, PC and FRPC are different in the final stage (>80%) of the thermal degradation process. It reveals that the PMPSQ has the function of stabilizing the char residue and improving the flame retardancy of PC in the final period of thermal degradation process. Furthermore, the kinetic parameters ( E ) for PC and FRPC progressively increase with increasing weight loss, indicating that the thermal degradation mechanism varies with the weight loss.
Through the above resulting data, we can find that the activation energy of PC thermal degradation calculated by the Kissinger and Flynn-Wall-Ozawa methods respectively are very close to each other. Therefore, the two methods can be used to study the thermal stability behaviors of PC and the flame-retardant mechanism of PMPSQ in PC.
Conclusions
The thermal degradation behaviors of PC flame-retardancy with PMPSQ have been investigated by thermogravimetric analysis (TGA) under non-isothermal conditions in nitrogen atmosphere. During non-isothermal degradation, Kissinger and Flynn-WallOzawa methods were successfully employed to deal with the thermal degradation process. The results showed that a remarkable decrease of activation energy was observed in the early and middle stages of thermal degradation in the presence of PMPSQ, which indicated that the addition of PMPSQ promoted the thermal degradation of PC. Flynn-Wall-Ozawa method further revealed that PMPSQ increased the activation energy of PC thermal degradation in the final stage, which illustrated that the PMPSQ stabilized the char residues and improved the flame retardancy of PC in the final period of thermal degradation process.
Experimental part
Materials
The polycarbonate (PC) used was obtained from General Electric Company, China (Lexan-141). The polymethylphenylsilsesquioxane (PMPSQ), synthesized by hydrolysis and condensation reaction of methylphenyldimethoxysilane (MPDS) and phenyltrimethoxysilane (PTMS), consisted of 82 mol% PTMS and 18 mol% MPDS units. Its end groups were mainly methyl's with a few hydroxyls and M w was 3.774e+4 g/mol. The ratio of organic groups to silicon atoms (R/Si) which was used to indicate the extent of branching of a polysilsesquioxane structure was 1.18.
Preparation
The PC pellets and PMPSQ were mixed in a high-speed mixer for 5 min. Then, the mixture was extruded by a MAPRE 2.83.0 41 twin-screw extruder through a strand die and palletized, where cylinder temperature was controlled at 290 0 C and screw speed was 120 rpm. The resulting pellets were dried at 120 0 C for 12 h, and then molded into test specimens at an injection temperature of 310 0 C with a CJ-80E injection-molding machine.
Characterization
Thermogravimetric analyses (TGA) was carried out using a TA Q600 thermal analyzer and around 10 mg samples were placed on an aluminium pan. The sample was heated from 50 
Thermal degradation theory
The kinetics of thermal transformation of a solid state chemical reaction is generally based on the assumption that the reaction rate is:
where () fa is the reaction model, a the degree of conversion, k the temperature dependent rate constant, t the time and r the rate of degradation.
k is normally assumed to obey the Arrhenius equation:
where E is the activation energy of the kinetic process, A the pre-exponential factor,
T the temperature and R the universal gas constant. Then, the rate of degradation, which is dependent on the temperature and the weight change of the sample, can be expressed as: 
1) Kissinger method [15]
The Kissinger expression is as follows: 
